Over 60 years ago, Mudd and Mudd demonstrated that microorganisms exhibit considerable diversity in their affinity for the oil-water interface (5, 6) . In recent years, adhesion to liquid hydrocarbons has become a commonly used technique for estimating hydrophobic surface properties of bacteria (10, 12) . Applied aspects of microbial partitioning at oil-water interfaces include oil degradation (13) , flotation of larvicidal spores (11) , and desorption of bound bacteria from the oral cavity (14) .
Surface-active agents generally act to inhibit microbial adhesion to hydrophobic surfaces. Examples include inhibition of bacterial adhesion to hydrocarbons by emulsan (8) and isopropanol (12) and inhibition of adhesion to plastics by chlorhexidine gluconate (CHX) (4, 15) , Tween 20 (3), and Brij 56 (1) .
In the present investigation, cetylpyridinium chloride (CPC), a cationic surfactant, significantly enhanced microbial adhesion to hexadecane. The data suggest that CPC can be used to promote microbial adhesion at the oil-water interface.
MATERIALS AND METHODS
Microbial strains and growth conditions. Escherichia coli CSH 57 was obtained from E. Z. Ron, Tel Aviv University; Candida albicans 792.1 was obtained from Y. Koltin, Tel Aviv University. Acinetobacter calcoaceticus MR-481, a nonhydrophobic mutant of strain RAG-1, was isolated as described previously (13) . Microorganisms were maintained on brain heart infusion agar plates (Difco Laboratories, Detroit, Mich.) at 4°C and transferred every 2 months. For adhesion studies, microorganisms from several colonies * Corresponding author. were inoculated into test tubes containing 3 ml of brain heart infusion broth (Difco); following overnight growth with shaking at 30°C, cells were inoculated 1:200 into 250-ml Erlenmeyer flasks containing 50 ml of liquid medium of the same composition and grown with vigorous shaking for 18 h at the same temperature. Cells were washed twice and suspended in 0.2% NaCl or in distilled water for salt inhibition experiments (see Fig. 4 ). Expectorated oral bacteria were obtained from four adult volunteers who rinsed for 30 s with distilled water and then expectorated. The turbidity of cell suspensions was measured at 400 nm in a Uvikon 710 spectrophotometer (Kontron, Zurich, Switzerland).
Adhesion experiments. To 1-cm2, 4-ml disposable polystyrene semimicrocuvettes (Rudolf Brand, Wertheim, Federal Republic of Germany) containing 1.2 ml of cell suspension was added 0.4 ml of distilled water containing various CPC concentrations and other salts as indicated. n-Hexadecane (0.2 ml) was added, and the cuvettes were vortexed for 60 s on a Thermolyne Maxi Mix flat-top mixer (Sybron, Dubuque, Iowa). In preliminary experiments (not shown), this duration of mixing was sufficient to attain maximal adhesion levels. Following phase separation, the turbidity of the lower aqueous phase was measured directly in the cuvettes at 400 nm. Turbidity readings of over 1 optical density (OD) unit were corrected for nonlinearity by interpolation by using a correction curve relating observed readings with actual values derived from appropriate dilutions falling within the linear range. Adhesion of cells to the hexadecane droplets was verified by microscopic observation (10) . Results are expressed as the percent decrease in the turbidity of the lower aqueous phase (A,) as compared with the turbidity of the original suspension (AO), i.e., 100 -[100(A,/AO)].
Adhesion to polystyrene. Adhesion to polystyrene was tested essentially as previously described (9, 11) . Bacteria (E. coli CSH 57) were washed and suspended in 0.2% NaCl to an OD of 22. Different concentrations of CPC (0.28 to 4.48 mM) were added to the bacterial suspensions, and 200-,ul aliquots of the mixtures were added in quadruplicate to flat-bottom polystyrene microdilution plates (not tissue culture treated; Sterilin, Feltham, Middlesex, England) and incubated for 24 h at room temperature. Following incubation, the plates were rinsed thoroughly in a strong stream of running tap water normal to the plate surface. Adhering bacteria were stained with gentian violet for 2 h at room temperature. Plates were rinsed again in running water to remove excess dye and allowed to dry. Adhesion was measured as the A610 with an MR-600 Microplate Reader (Dynatech Laboratories, Inc., Alexandria, Va.). As a control, 0.2% NaCI was substituted for the bacterial cell suspension.
CPC pretreatment. To study the effect of CPC on the cells and on the oil phase separately, we washed and suspended E. coli CSH 57 cells to an OD of 20 in 0.2% NaCl. Following 60 s of agitation in the presence of CPC (2.24 mM final concentration), the cells were washed twice and suspended in 0.2% NaCl. Hexadecane (0.2 ml) was pretreated by vortexing (60 s) in the presence of 0.064 ml of an aqueous solution containing 2% CPC; the hexadecane droplets were washed four times in distilled water by successively replacing the lower aqueous phase with distilled water, followed by brief mixing. Adhesion to hexadecane was tested as described above with pretreated versus untreated microbial cells and pretreated versus untreated hexadecane. As a control, the adhesion of untreated cells to untreated hexadecane was tested in the presence of 2.24 mM CPC.
Chemicals. n-Hexadecane and n-octane were obtained 
RESULTS
The effect of CPC on the adhesion of concentrated suspensions of E. coli, A. calcoaceticus MR-481, and C. albicans to hexadecane is shown in Fig. 1 . In all cases, adhesion rose from low values to over 85% in the presence of CPC. Higher concentrations of the surfactant resulted in a decrease in the adhesion of E. coli but not of the other test strains. The effect of CPC on the adhesion to hexadecane of expectorated oral bacteria directly obtained from the oral cavity following rinsing is shown in Fig. 2 pH FIG. 5. Effect of pH on CPC-mediated adhesion of C. albicans and E. coli to hexadecane. To 1.2 ml of washed cell suspension in 0.2% NaCl was added 0.4 ml of distilled water containing CPC (2.24 mM final concentration), and HCl or NaOH was added to achieve the desired pH. The initial OD was 15 for both strains. Adhesion of C. albicans (D) and E. coli (0) to hexadecane was tested as described in Materials and Methods.
The effect of NaCl and MgCl2 on the adhesion of C. albicans (Fig. 4) to hexadecane was studied in the presence of CPC. Increasing salt concentrations interfered with CPCmediated adhesion. For example, adhesion dropped from 96% in the absence of NaCl to 27% in the presence of 0.14 M NaCl and from 99% in the absence of MgCl2 to 36% in the presence of 0.11 M MgCl2. Figure 5 illustrates the effect of pH on CPC-mediated adhesion. Whereas a low pH completely interfered with the CPC-mediated adhesion of E. coli, the adhesion of C. albicans was not greatly affected over the pH range tested (2.2 to 9.2).
The effect of CPC on the adhesion of E. coli to polystyrene is shown in Fig. 6 . The addition of 2.24 mM CPC increased adhesion 6.7-fold, as compared with the adhesion of the E. coli suspension containing no CPC. Higher concentrations of CPC resulted in a decrease in adhesion.
To determine whether the adhesion-promoting effect of CPC occurred by partitioning of the surfactant to the cell surface or to the hexadecane-water interface, we pretreated E. coli cells and hexadecane droplets separately with CPC (Fig. 7) . CPC-pretreated cells adhered to hexadecane whether the hexadecane droplets were pretreated or not (98% in both cases). Similarly, adhesion in the control cuvette, in which untreated cells and hexadecane were mixed in the presence of CPC, was 98%. However, pre-APPL. ENVIRON. MICROBIOL. FIG. 6 . Effect of CPC on the adhesion of E. coli to polystyrene. E. coli CSH 57 cells were washed and suspended in 0.25 NaCl to yield an OD at 400 nm of 22. Adhesion to polystyrene was tested as described in Materials and Methods. treated hexadecane droplets were unable to bind significant quantities of untreated cells (3%).
The ability of another cationic surface-active antibacterial agent, CHX, to promote adhesion to hexadecane is shown in Fig. 8 .
DISCUSSION
The results of this study show that CPC, a cationic surfactant commonly used as an antibacterial agent, greatly enhances microbial adhesion to hexadecane and to the hydrophobic test surface polystyrene. The three microbial strains used do not normally adhere at the hexadecane-water interface; indeed, A. calcoaceticus MR-481 is a nonhydrophobic mutant originally selected from adherent RAG-1 cells by its inability to adhere to n-octane (13) . Adhesion of all three strains to hexadecane reached levels of over 90% at optimal CPC concentrations. CPC similarly enhanced the adhesion of expectorated oral bacteria to hexadecane and promoted the adhesion of E. coli cells to polystyrene. This phenomenon was not observed with nonionic or anionic surfactants.
The data suggest that CPC acts to enhance adhesion by binding directly to the cell surface, as (i) CPC-pretreated cells adhered to hexadecane but CPC-pretreated hexadecane did not bind bacteria and (ii) the optimal CPC concentration for adhesion was a function of the initial cell density.
In most adhesion studies, increasing salt concentrations promote adhesion, presumably by decreasing electrostatic repulsion and by ion bridging. In this study, the addition of NaCl and MgCl2 acted to prevent CPC-enhanced adhesion. Apparently, the surfactant acts by binding via its positive charge to negatively charged groups at the cell surface; this binding is inhibited by the presence of other cations (Na+, Mg2+), which compete for the negatively charged groups. In some instances (e.g., CPC-mediated adhesion of E. coli to hexadecane), a low pH may also interfere by reducing the number of free anionic surface moieties. The exposed hydrophobic moiety of the bound CPC molecules can then increase cell surface hydrophobicity, enabling partitioning of the cells at the oil-water interface; the reduction in the net negative surface charge of the cells may also contribute to the hydrophobic properties observed. A similar mode of action has been proposed for the increase in the hydrophobicity of mutant Bacillus brevis spores brought about by the addition of the antibiotic gramicidin (7) . In addition, binding of CPC to the cell surface may promote cell-cell bridging, which may stabilize adhesion. Indeed, optimal CPC concentrations for enhanced adhesion brought about some aggregation when added prior to mixing with hexadecane. The drop in CPC-mediated adhesion to hexadecane and polystyrene at higher CPC concentrations may have been due to inhibition of the cell-cell interaction by free CPC molecules. Kamada Enhanced adhesion of microorganisms to oil-water interfaces has a number of potential applications (10, 11, 13) . Previous investigations in this laboratory have led to the suggestion that two-phase, oil-water mouthwashes can efficiently desorb oral microorganisms by preferential adsorption to the oil droplets (14) . The results presented here show that partitioning of oral bacteria, obtained directly from the oral cavity, at the oil-water interface is greatly enhanced by CPC. Indeed, the present investigation was initiated to test how CPC, a cationic surfactant commonly used in oral rinses, affects microbial adhesion to oil. The data presented suggest that CPC may enhance the ability of oil-water formulations to bind and remove microorganisms from the oral cavity. Further studies in this direction are under way.
